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ABSTRACT 

Three high open-circuit voltage cell designs based 
on 0.1 ohm-i m p-type silicon m re irradiated with 1 
MeV electrons and their psrt orwance determined t 
t luences as high as lt)l*/cm*. Of the three 
cell designs, radiation induced degradat ion was 
gteatest in t tie high-low emitter VHLK cell. The 
d 1 1 1 used and ion implanted cells degraded approxi- 
mately equally hut less than the HLK cell. Pegta- 
dat ion was greatest m an Hit- Cell exposed to 
X-rays before electron irradiation. The cell re- 
gions controlling both short-circuit current and 
open-circuit voltag degiadation were defined m 
all three cell types. An increase in front surface 
tecombmal ion velocity accompanied time dependent 
degiadation ot an HLK cell after X- ir radial ion. It 
was speculated t tiat this was indirectly due to a 
decrease in positive charge at the silicon-oxide 
interface. Mod 1 1 icat ions aimed at reducing iadi- 
at ion induced degradation are proposeu lot all 
l hroe cell types. 
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1. INTRODUCTION 

It has been predicted that nVp silicon solai 
cells with low p base resistivities 0*0.1 ohm cm, ) 
could achieve ait mass re to V AMO > efficiencies as 
high as is; it, among othei things, open-circuit 
voltages tV oc ) of 700 mV could be attained Viet. 

1). Hence, as a first step toward achievement ot 
the highet efficiency goal, t he NASA Lewis Reseatch 
tent • i initiated a program aimed at demonsl i at i ng 
that significant increases m V lU . could be 
achieved in 0. 1 ohm cm iclls. To date three cell 
d e "• i gns have been developed uudet this program and 
open circuit voltages ot tw‘» millivolts have been 
achieved. Although t lie program was due. ted toward 
demount tat mg me leased V oc , the degrading et- 
tects ot the particulate space tadiation envinm- 
ment were ot equal concern. Hence in the present 
wo;. >•» present the results ot out determination ot 
ce.l ettoruance after 1 MeV electron irradiation. 
In adUtion we present calculations and experi- 
ments. data to define the cell regions controlling 
short-circuit current ), and V l>c degrada- 

t ion m all three cell types. These results are 
used as a basis toi suggested cell mod 1 1 ic at ions 


directed toward reducing the tadiat ion induced de- 
gradat ion. 

2. KXI'ERl MKNTAl PRiK’EDURES 

The salient features ot the cells ate given in 
Table 1. The ion- imp 1 ant ed Viet. 2) and high-low 
emitter VHLK) (ret. I) cells have thermally gtown 
silicon dioxide vSiO^) on then front surfaces; 
the diffused cells Vref 4) have no t root -su t t ace 
oxide. The oxide on the HLK cells was toimed by 
using a t entpe ralure-t ium* schedule that results in s 
net positive charge, in the oxide, near the oxide- 
silicon interlace irrl. •>). The positive oxide 
charge induces an accumulation layei at the silicon 
surface and thus establishes an n*u high-low 
emit t e i junction. 

I't e- it radiat ion AMO parameters, obtained using a 
Xenon-arc solar simulatoi at *>° C ste stiown m 
Table 11. In addition to the data shown in Table 
11, spectral i espouse and dit fusion length measure- 
ments were made. Tin spectral response data were 
obtained by using a filter-wheel spectral i espouse 
appa i at us Viet. n). The diffusion length data weie 
obtained by an X-iay excitation technique using .’*>0 
keV Xiavs Vret. 7). both X- and electron ir radi- 
at ion can cause changes in oxide charge Vtets. 8 a 
d) , therefore, only one ot each pail ot oxide coat- 
ed cells was exposed to X-irradiat ion. Howe vet, 
all cells were exposed to 1 MeV election triad i- 
at ion to a maximum t luetic e ot 10^ cnT*'. 


3. RESULTS 

A typical data plot used in the process ot deter- 
mining the diffusion length damage coefficient, Nj k 
is shown in Kig. 1. The damage coet tic tents weie 
calculated from the i elation; 


where l is dit fusion length attei irradiation at 
the t l uence • and L 0 is diffusion length before 
irradiation. Table III summarises the damage co- 
efficients obtained tot each cell design. Compar- 
ison with previous damage coefficient evaluations 
Vret. 10) indicates that the damage coefficients 
obtained tot t he present cells ate typical ot 0. I 
ohm- cm silicon. 


I 


(2b) 


Plots ot iHM««lited short-circuit current, l, c , 
and open-circuit voltage , V oc , as a t unction ot 1 
MeV electron tlue.ice art* shown m tigutes 2 and J 
respectively. Data tor a 10 ohm-aa cell are in- 
cluded tor comparison. This cell showed a decrease 
in output typical ot 10 oha-cm lesitivity. In gen- 
eral, pertoraance degradation under irradiation was 
highest tor the Hl.E cells, with greatest degrada- 
t ion being noted tor the X-rayed HER cell. For the 
ion- imp lant ed cells, there was no measurable dit- 
i ere nee between the X-taved and non-X- rayed cell 
pertoraance. both diffused and ion- imp lant ed cell 
designs degraded at a rate typical ot conventional 
0.1 oha-ca cells. The higher l gc and V oc de- 
gradation data tor the HLE cells appears to be 
anomalous because Kj is approximately the same 
tor all cell designs. As an aid in clan tying the 
sources ot i gc degradation, the normalized data 
tor long and abort -wave length spectral response 
were plotted as shown in tigures 4 and *>, Further 
discussion ot these data and the degradation in 
V oc are contained in the next section. 


4. ANALYSIS AND DISCUSSION 

In assessing radiation damage eitects it is signit- 
icant to know the cell regions responsible tor loss 
ot cell pert oraatwe. This information is needed to 
guide tutu re w<uk aimed at l net easing the radiation 
resistance of these high V uc cells. for this 
reason we tirst tocus our attention on determin- 
ation of the cell regions in which current and 
voltage degradat ion occur. 

4.1 <■ .- I 1 Kryns 

The sources of l gc degradat ion are clarified by 
examination of the short and long wavelength spec- 
al response ot tigures 4 and *>. Noting that sub- 
stantial l gc degradation tor the HLF cells occurs 
at both long-and shor wavelengths we conclude that 
l gc of the cell is controlled by both the p-type 
base and n-type emitter. On the other hand, 1 
degradation ot the ion lmiplanted and dit fused 
cells occurs predominant ly at long wavelengths and 
therefore l gc is controlled predominant ly by the 
p-type base region. This tends to explain the rel- 
atively higher l gc degradation observed in the 
MLR cells despite the approximate equality ot Kp 
for all cell designs. The diffusion length damage 
coefficient applies to the base regions ot tin 
solar cell while the spectral response data indi- 
cate that, tor the HLE cells, both base and emitter 
region must be considered as factors in current 
degradat ion. 

4.2 Coll K.y. ions ',h.i l-'l 

4.2.1 Diffused Cell . The open-c l rc u 1 1 volt age o t 
this cell can be expressed as a function ot l 0 p 
and l 0 g, the emittei and base device saturation 
currents, i.e. 
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where W is region thickness, L is minority carrier 
diffusion length S* is trout suit ace lecombin- 
at ion velocity, N is the doping concentration, D is 
minority carrier ditfusivity, n 4 is the intrinsic 
carrier concent rat ion, q is the electronic charge, 

T is the temperature in degress Kelvin, k is Boltz- 
mann's constant, the subscripts E and B refer to 
the emitter and base respectively, and an ohmic 
base contact is assumed. Equation (2) can be sim- 
plified by considering the data ot tigure 4 and b. 
As can be seen t rom the figures, lot the dit fused 
cell, the long wavelength response is severely de- 
graded by the irradiation but the short wavelength 
response is relatively unaffected. We therefore 
assume, in the following* discussion that this rel- 
ative invariance ot the short wavelength response 
with tluence indicates that l oE is unaffected by 
the irradiation. We can thus treat l ot as a con- 
stant to be determined by titling equal ion (2) to 
the measured Voc vs Lx data shown in tigure b. 

A tit ot equation (2a; to the data, using l 0 g and 
A as adjustable parameters and calculating l 0 g 
from (2c) is shown as the solid curve in that 
tigure. The result ot the tit indicates that the 
voltage ot the cell is controlled by the base 
component of the saturat ion current. Before 
irradiaton, the base component contributes t>S% ot 
the saturation current, while the emitter component 
contributes only 321. As the cell is inadiated, 
the base diffusion length decreases thus increasing 
l 0 g and decreasing V oc . For these cells, the 
drop in voltage with i luer.ee is caused by events 
occurring in the base. The drop is not as severe, 
however* as it would be were the cell 1001 base 
cont rol led. 


Ion imp lant i . 

plant . ' .i.*»e exhibit a lat i\< invai lane a o I 

short wavelength response with tluence (tig. 4), we 
performed an analysis similat to that tor the dit- 
fused cell. The results indicate that the voltage 
in this type ot cell is also controlled by its base 
parameters. Our calculations show that the pre-ir- 
ladiation device saturation current is composed of 
a 141 contribution t rom the emitter. These data 
indicate that, as the ceil is irradiated, the volt- 
age is controlled by changes in the base param- 
eters. Again, however, a more severe drop would be 
expected had the pie- irradiated cell been tully 
base controlled. 

4.2.3 NLE Ce 1 1 . Since both short and long wave- 
length components of the HLE cell were found to be 
degraded by electron irradiation* an assumption of 
constant l 0 £ cannot be made. While a quantita- 
tive analysis ot radiation induced degradat ion is 





> 




difficult, qualitative conclusions can be drawn, 
using equations (2a, 2b. and 2c). Figure 7 shows 
tne exper iment a 1 change ot V oc with t luence tor 
the HLE cell. Super imposed on these data is s 
Curve illustrating what would be expected it the 
voltage ot the cell weie controlled only by the 
measured radiation induced decrease in the base 
diffusion length Lg. As can be seen, the base 
component can account tor onlv a small traction ot 
the observed voltage drop. We thus conclude that 
V oc ln l,u ’ HUS cell i s controlled to a high de- 
gree bv th* emitter com|»onent ot the device salu- 
te t ion cut tent • 

It can also be concluded that the voltage reduction 
in these cells at high t luence is due to degrada- 
tion ot bulk parameters and not to surface 
effects, this follows tron results ot attempt* to 
model the voltage deciease with t luence by manipu- 
lating both surface and bulk parameters. Calcula- 
t ions indicate that at high t luence levels, e .ter 
diffusion lengths much less than the emittei thick- 
ness are required to explain the data. When L^** 

W b the surface is electrically isolated from the 
junction and thus would have no effect on the 
voltage. The degradation at low t luence* may be 
controlled by a combination ot bulk and surface 
phenomena, but the voltage at the l()l^e/cm* 
level appears to be controlled only by the emitter 
diffusion length. 

4.3 Ft fe et s ot X - ray s 

In establishing the cell regions which control cell 
degradation, the preceding calculations do not con- 
sider possible degradation in the charged oxide ot 
the HLE cell. In view ot ite anomalously large 
degradat ion in l Hv ., obseived for the X-rayed HLE 
cell, cons i do rat ion needs to be given to possible 
oxide degradation due to X-rays alone. In this 
connection, it has been established that ionising 
radiation affects the charge slate ot SiOj m MOS 
devices (rets. 8 4 **). Hence, so that the effects 
ot X-ravs on the HU charged' oxide cells could be 
explored, an additional 111.1 cell was exposed to the 
2 SO kcV X-ravs tot S minutes and Us performai.ee 
parameters determined lot limes up to dj days at ter 
X- i r rad lat ion. Variation m spectral response with 
lime is shown in figure 8 while variation in l 8C 
and V oc are shown in figure From the latter 
figure it is seen that significant variations in 
l gc and V oc are obseived as a function ot time 
at lei X-irradiat ion. 

The spectral response data (fig. 8) indicates that, 
as a result ot X-irradiat ion, the major change oc- 
curs at short wavelengths and hence in the emitter 
ot the HLE call. One possible source ot emitter 
degradation is a decrease in the magnitude »t the 
induced front surface accusxilat ion layer. This 
would also result in increased front surface recom- 
bination velocity with accompany mg degradation in 
cell performance. To ascertain whether tins could 
be the case, we have calculated Sp as a function 
ot time using equations (2a, 2b, and 2c) and the 
data of figure 9. In evalua.ing Sg it is assumed 
that Lg and Lg are constant with t .me. Using 
the measured value for Lg ot about *»0 inn, a 
pre- irradiation value tor Sy ot 10* cm/sec and 
a value tor l.j. ot 24. ^ pm as calculated from 
equations (2a, 2b, and 2c), we obtain the time 
dependent values ot S|.. shown in figure >0. The 
increase in Sp by it so It is not sut tic lent to 
account for the loss in response. It is also 
necessary to include reduction m the magnitude of 


the induced front surface accumulation layer to 
explain the data. Thus, it appears that as Sp 
increases, there is a concomitant decrease in 
negative charge in the accumulation layer which 
constitutes the n* region in the n 4 n high-low 
emitter junction. This in turn implies « decrease 
in the positive oxide chsige st the s i l icon-ox? de 
interface as s result ot X- i r tad ist ion. The 
mechanism by which this hypothesised charge re- 
duction could occur is unclear at present. We 
should note thst it is possible th.t the totsl 
positive charge in the oxide could he increasing 
with X-*-ay f luence. An alternate explanation lies 
in a time dependent decrease in Lg, However, 
since the X-tays alone do not damage the silicon it 
is reasonable to assume a constant Lg during s 
after X- 1 rrad lat i*»n. 

The l gc degradation of t igure is insutficiant 
to account for the difference in total short-cir- 
cuit current degradation between the X-rayed and 
none X-rayed HLE cells aiter electron irradiation 
(tig. 2). One source ot the added l gc degrada- 
tion could he s>nergi*m between the effects of X- 
and electron-irradiation. Another possible source 
ot the added degradation could be a difference in 
quality of the silicon contituting the emitters and 
bases ot the two HLE cells. 

Kt'i tMivnended v r 1 l Mod i t i cat ion 

From the preceding results it is clear that tor 
increased radistion resistance in the diffused and 
ion- implant ed cells, improvement in the base region 
are required while tor the HLE cell, mod i f icat ions 
are required in both the emitter and base regions 
of the solar cell. 

For the diffused and ion- implant ed cells, the base 
region cou.d be improved by treatments which lemove 
lattice strain and the use ot cell processing which 
tends to decrease impurity concent rat ions in the 
base. The impurities in question are those which 
torm radiation induced c.Hnplexes capable ot de- 
creaseing Lg. Similar requirements apply to the 
base and emitter ot the HLE cell. 

For the HLE cells, one source ot the increased de- 
gradat ion is the use ot a relatively deep (10 urn) 
n-type emitter. The damage coefficient tor n-type 
silicon is about an order ot magnitude giester than 
that tor p-type silicon (ref. 12). Because about 
7S percent ot the incoming optical radiation is 
absorbed in the 10-micrometer wide HLE n-region, 
the increased susceptibility ot n-type silicon to 
*adiation damage is reflected in the large loss in 
blue spectral response which would be expected and 
was observed. Thus, one modification to the HLE 
cell would be use of a shallower n-type emitter. 

With regard to the use ot a charged oxide in the 
HLE cell, it is not clear at present whether this 
contributes to decreased radiation resistance ot 
the HLE cell. The data ot figures 2, 8, 'i, and 10 
and the accompanying analysis suggest that oxide 
charge is reduced by the ionising radiation. How- 
ever, additional work is necessary to verity this 
typoiheais. It is noted that the sole function of 
the oxide charge is to induce an accumulation lay- 
er, thus forming the n*n junction at the emitter 
suit ace. The n*n junction could be formed by 
other me a. is such as lon-implanlat ion, without the 
necessity tor oxide charge. This should be done 
and the resultant cells radiation resistance com- 
pared to those m which oxide charge plays a kev 
ro le. 
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3. Sl'MHAKY 

The results of this work are aumma tired aa follow*: 

l. Of the high V oc cells invest igated under l 
Mi* V electron boabrnlaent t tla|radat tan ta greatest 
in the HLE cell ard leaat in the dittuaed and ion- 
implanted cel la, deg radat ton he in* equal in the 
latter two cell types. The greatest degiation waa 
noted tor an tilt *ell subjected to X-rays prior to 
elect *on irradiation. 
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1 MeV ELECTRON FLUENCE, cm'* 

Figure 5. * Variation of normalized 0.9 micro- 
meter spectral response after irradiation with 
1 MeV electrons. 
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Figure 6. - Influence of base diffusion length 
on open circuit voltage for diffused cell. 
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DAYS AFTER X-IRRAD IATION 

Figure 9. - Decay in I $c and V^. of HLE cell 
after X-irradiation alone. 
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TIME AFTER X IRRADIATION, 
DAYS 

Figure 10. - Surface re- 
combination velocity after 
X-irradiation (HLE cell). 


